Introduction
============

Ascorbic acid (AsA) has diverse physiological roles in plants. AsA scavenges reactive oxygen species (ROS; [@bib30]), both non-enymatically and enzymatically via AsA peroxidase (APX; [@bib20]). It also acts as a cofactor for violaxanthin de-epoxidase, an enzyme involved in the photoprotective xanthophyll cycle ([@bib37]). It is a cofactor for 2-oxoglutarate-dependent dioxygenases including prolyl hydroxylase ([@bib1]; [@bib37]) and the enzymes participating in the biosynthesis of plant hormones, such as abscisic acid (ABA), gibberellic acid (GA), and ethylene ([@bib2]; [@bib26]) as well as a range of enzymes involved in hydroxyproline, flavonoid, and glucosinolate biosynthesis ([@bib13]; [@bib23]; [@bib41]). This wide range of functions is reflected in the necessity of AsA for post-germination growth of *Arabidopsis* seedlings ([@bib14]). The precise role for AsA in growth, beyond its role as an enzyme cofactor, has not been established but there are suggestions that it could affect cell division, cell expansion, and ROS-mediated stomatal closure by influencing the cellular redox state ([@bib17]; [@bib19]; [@bib4]; [@bib8]; [@bib34]; [@bib16]; [@bib40]). Many of the proposed roles for AsA have been confirmed by the investigation of AsA-deficient *A. thaliana* mutants, which are susceptible to ozone, UV-B, and photooxidative stress and are smaller and altered in development and pathogen resistance compared with WT plants ([@bib12]; [@bib4]; [@bib27]).

Considering the various effects of AsA, the question of how changes in AsA status affect gene expression arises. Previous investigations have shown that genes encoding PR proteins are more highly expressed in *vtc1* and *vtc2* ([@bib4]; [@bib10]). Transcriptome analysis of *vtc1* showed changes in expression of a number of genes and also in response to AsA supplementation ([@bib22]; [@bib33]). For instance, gene families related to PR proteins and a gene encoding 9-*cis*-epoxicarotenoid dioxygenase, a key enzyme for ABA biosynthesis located in plastids, were up-regulated in *vtc1* mutant ([@bib33]). Changed gene expression in the *vtc* mutants could result from secondary effects of long-term deficiency, so to investigate the more immediate effect of AsA status, screening for candidate AsA-responsive genes was done in the AsA-deficient *vtc2-1* mutant ([@bib12], [@bib11]) supplemented with the AsA precursor [L]{.smallcaps}-galactonolactone ([L]{.smallcaps}-GalL) by using microarray analysis. Several candidate [L]{.smallcaps}-GalL-responsive genes were validated as AsA-responsive by real-time PCR and expression of a promoter::luciferase construct for one gene (AtATL15) showed that it was both light- and AsA-responsive. The results show that gene expression can respond rapidly to AsA status and provide tools to investigate this response in more detail.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

Seeds from *Arabidopsis* wild-type Columbia-0 (Col-0) were purchased from the Nottingham *Arabidopsis* Stock Centre. Seeds of *Arabidopsis* AsA-deficient mutant *vtc2-1* were kindly supplied by PL Conklin ([@bib11]). All seeds were sterilized with 10% bleach and 10% bleach/75% ethanol separately, for 4 min, washed three times with sterilized H~2~O, and then spread onto 0.8% (w/v) agar plates containing Murashige and Skoog (MS, Sigma) medium and 2.5% sucrose. The seeds were stratified by placing them in darkness for 2 d at 4 °C, and then incubating in growth chambers under 14 h of 80 μmol photons m^−2^ s^−1^ light and 10 h of darkness at 21 °C. Furthermore, sterilized seeds were grown on Jiffy soil (Jiffy Products International AS, Norway), stratified for 2 d in darkness at 4 °C and then transferred to a controlled environment room at 21 °C with a 14 h light (80 μmol photons m^−2^ s^−1^) and a 10 h dark cycle.

[L]{.smallcaps}-galactonolactone ([L]{.smallcaps}-GalL), [D]{.smallcaps}-galactonolactone ([D]{.smallcaps}-GalL), AsA, and [D]{.smallcaps}-glucose ([D]{.smallcaps}-Glu feeding to detached leaves
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Six-week-old wild type and the *vtc2-1* mutant ([@bib11]) were used. A total of 20 leaves were harvested from five independent rosettes of each genotype. The cut leaves were then placed in a Petri dish, containing 20 ml of 5 mM [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, [D]{.smallcaps}-GalL, and AsA, respectively. AsA was dissolved in 10 mM 3-(*N*-morpholino)-propanesulphonic acid (MOPS) buffer, pH 6.0, as described by [@bib33]. Leaves were also incubated in MOPS buffer separately as a control. Light intensity was 80 μmol photons m^−2^ s^−1^. After incubation, leaves were washed three times with Milli-Q water, gently dried, and then frozen with liquid nitrogen and stored at --80 °C. Leaves incubated in the dark were frozen while still in the dark.

AsA and dehydroascorbate (DHA) measurement
------------------------------------------

Frozen leaves were ground to a powder within a mortar and using liquid nitrogen. The frozen leaf powder was homogenized in 0.1 M HCl and 1 mM EDTA. The homogenate was centrifuged at 12 000 *g* for 5 min. The supernatant was transferred into a new tube and the total AsA (reduced and oxidized) concentration was assayed by the method of [@bib21]. In this method AsA reduces Fe^3+^ under acidic conditions and Fe^2+^ is detected by the red-coloured complex it forms with bipyridyl. Although other compounds (particularly phenols with ortho-hydroxyl groups) can reduce Fe^3+^, they are not sufficiently abundant in *A. thaliana* to interfere with this assay.

RNA isolation and cDNA preparation
----------------------------------

RNA was isolated from frozen tissue (around 100 mg for each sample), after homogenizing the sample with liquid nitrogen, 1 ml RNAiso (Takara, Japan) was added and mixed well, 200 μl chloroform was then added and the samples were shaken vigorously for 1 min, left for 5 min and then centrifuged at 13 000 rpm for 15 min. The supernatant was transferred to new tubes, the same volume of isopropanol was added and mixed well. After 10 min the samples were centrifuged at 13 000 rpm for 10 min. The supernatant was decanted and the RNA pellets dried under vacuum. The crude RNA was treated with 10 units of DNase I (Takara, Japan) and further purified with an RNeasy Plant Mini kit (Qiagen) according to the manufacturer\'s instructions. The concentration of total RNA was determined with an Eppendorf BioPhotometer. cDNA was prepared from 500 ng total purified RNA template with Perfect Real Time (Takara, Kyoto, Japan) according to the manufacturer\'s instructions.

Microarray analysis
-------------------

Total RNA samples were isolated from the *vtc2-1* leaves fed with 5 mM [L]{.smallcaps}-GalL and H~2~O, respectively, under light at 80 μmol photons m^−2^ s^−1^ for 16 h, using RNAiso (Takara) following the manufacturer\'s instructions. The RNA samples were further purified according to an RNAeasy Mini kit (Qiagen) and qualities were checked using an Agilent 2100 bioanalyser (Agilent) and Nano Drop (Thermo Scientific) before labelled cRNA was synthesized. Biotinylated cRNA samples were synthesized from 1 μg total RNA using Affymetrix One Cycle Synthesis kits (Affymetrix) as described by the manufacturer\'s protocol. cRNA was hybridized to the ATH1 GeneChip (Affymetrix), which contains around 22 500 oligonucleotide probes. The signal intensities from each GeneChip were normalized to the 50th percentile using GeneSpring (Agilent Technologies) software. The fold change in expression between the control and [L]{.smallcaps}-GalL-treated samples was calculated for each gene and genes flagged as marginal or absent in the [L]{.smallcaps}-GalL treatment were ignored.

Real-time PCR
-------------

For the real-time PCR, cDNA (50 ng) was mixed with 10 μl SYBR Premix Ex Tag and 1 μl of 10 μM mixed primer (forward and reverse), H~2~O was added to up to 25 μl and the reaction was performed with Thermal Cycler (Dice Real Time System TP800, Takara, Japan). Transcript abundance was calculated using the relative expression software tool (Dice Real Time V2.10B), which takes into account the volume of different templates and calculates the statistical significance of the observed differences. To validate reference genes under experimental conditions, expression levels of three reference genes, *ACTIN-2*, *UBQ10*, and *EF1α* were compared. The expression level of *ACTIN-2* was the most stable in its transcript level across the samples than the other two reference genes (see [Supplementary Fig. S6](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online). Therefore, *ACTIN-2* was used as an internal control to normalize each sample for variations in the amount of initial RNA. The gene-specific primers were: *ACTIN-2* (At3g18780-F): GGCAAGTCATCACGATTGG; R: CAGCTTCCATTCCCACAAAC; EF1α (At1g07940-F): ACCACGAGTCTCTTCTTGAGGCAC; R: TGGCAGGGTCATCCTTGGAG; UBQ-10 (At4g05320-F): AACTTTGGTGGTTTGTGTTTTGG; R: TCGACTTGTCATTAGAAAGAAAGAGATAA; At1g80240-F: GGCTTGTGTTCAAGGCAGTG; R: GGAGTTTCCCAACCGCTACC; At5g25460-F: CTTTACCTGGATGGATGGTG; R: CCAATGACAGTCCGAACAC; At5g12940-F: TGGTCACCTTGACGTGAGC; R: AATTCCCAAGAGGCTTTCCAC; At4g13420-F: TCAGTCATCTCGCAATCTCTACG; R: GATGCATGCAAGCATGAGC; At1g73120-F: GAGAAAGTGATGCAAGATGTGCC; R: CGAGTCTTCGACGAGATCGAG; At1g66180-F: TGATCCCACGGTTGATAGGAG; R: GCTCCAAGCATACTCGACCG; At1g77760-F: CAAAGGAGCGTCAGCTTGAGA; R: TGATCCATGCAGAGTCAGCAG; At4g16890-F: ATCCTCGATCTCAGTGGTTGC; R: CATCATAAGTACAGTGAGCCTCGTG; At1g22500-F: AGAACCGGAAGCCTAGGGAC; R: AATCTCATCCGGAGACTGTATCG; At1g52190-F: CACAAGTGAAGCCATCGCC; R: CCAAATGCTAAGGAACATGGTCTG; At3g52720-F: CAAATGCATTGGCACACTCC; R: CCTTCATCTGAGAGAGGAAAGGC; At4g08040-F: CAGGTTTGTTCTGTTGGGTTGAC; R: AACCAGGTTCATCGCAATGAC; At1g06490-F: GGACTCTCTTGGGCTATCTTGTTG; R: AAGAGAAGTGCCTTGAGAATCCTG; At5g17700-F: ATGGGTGCAGCATGTGTACG; R: ATATCACACCGATCACCGCTG.

Genomic DNA isolation
---------------------

*Arabidopsis* wild-type leaves (around 20 mg) were homogenized with 0.5 ml buffer containing 0.6 M NaCl, 0.1 M TRIS-HCl (pH 7.5), 40 mM EDTA (pH 8.0), and 1% SDS. The same volume of chloroform/phenol mixture (1:1 v/v) was then added and mixed after which the sample was centrifuged at 15 000 rpm for 5 min. The supernatant was transferred to a new Eppendorf tube and 100% ethanol was added to precipitate genomic DNA followed by centrifugation at 15 000 rpm for 5 min. The DNA pellet was washed with 1 ml 70% ethanol and dried under vacuum for 5 min. Finally, the DNA pellet was dissolved in 20 μl TE buffer (10 mM TRIS, 1 mM EDTA, pH 8.0) and stored at --20°C.

Promoter reporter system construct and *Arabidopsis* transformation
-------------------------------------------------------------------

The promoters (about 2 kb upstream of the start codon) of the genes At1g66180 and At1g22500 were amplified from *Arabidopsis* wild-type genomic DNA with Blend *Taq* polymerase (Toyobo). The gene-specific primers used were: At1g66180 F: AGAGAAACCGCGTTCCATATTTCAC; R: GAAGAGTGGTTTTGGAATGGGAGa; At1g22500 F: AGAGCTAGCGTGCTGCCATAAGATGA; R: CATCGATGGTTGCAAATGGTTTGA. Promoters were inserted into the entry vector pDONR201, and then cloned into the Gateway binary vector pGWB 3435 (containing the LUC reporter gene) by Gateway LR reaction using LR clonase (Invitrogen). The construct was transferred into *Agrobacterium tumefaciens* strain C58 and transformed into wild-type plants by the floral dip method ([@bib9]). The transformed plants were selected on 0.8% (w/v) agar MS medium plates containing 2.5% sucrose and 30 μg ml^−1^ kanamycin as the selection agent. The seeds were stratified for 2--3 d and then moved to the culture chamber (22°C, 80 μmol photons m^−2^ s^−1^). Three weeks later, healthy seedlings were transferred into Jiffy-7 soil and grown in a controlled environment room (23°C with a 14/10 h light/dark cycle).

Detection of luciferase activity
--------------------------------

Transgenic *Arabidopsis* seedlings were sprayed with 0.4 mM [D]{.smallcaps}-luciferin (potassium salt, Wako) and luciferase activity was detected with an EM-CCD digital camera (imagEM, Hamamatsu Photonics, Japan). The raw luciferase activity data were analysed with HAKAWO imaging software (version 2.1, Hamamatsu Photonics, Japan).

Data analysis
-------------

Significance of differences between data sets was evaluated by Student\'s *t* test. Calculations were carried out with Microsoft Excel software.

Results
=======

Identification of [L]{.smallcaps}-GalL-responsive genes by microarray screening
-------------------------------------------------------------------------------

The strategy to identify putative AsA-responsive genes was to determine which genes respond to supply of the AsA precursor [L]{.smallcaps}-GalL. [L]{.smallcaps}-GalL is the immediate precursor of AsA and effectively increases AsA pool size ([@bib42]). The AsA-deficient mutant *vtc2-1* was used ([@bib11]), because it exhibited the lowest level of leaf AsA among all the established *vtc* mutant lines. This mutant is affected in the AsA biosynthesis enzyme GDP-[L]{.smallcaps}-galactose phosphorylase and its AsA concentration can be rescued by [L]{.smallcaps}-galactose feeding ([@bib14]). Leaves from 6-week-old mutant plants were cut off and incubated with 5 mM [L]{.smallcaps}-galactose or water (as a control) under continuous illumination at 80 μmol photons m^−2^ s^−1^. The leaves were sampled at 4, 8, 12, and 16 h, respectively. The AsA concentration (a sum of AsA and DHA) rose constantly over the incubation time and increased 3.7-fold after 16 h incubation (see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online).

To identify the genes which respond to [L]{.smallcaps}-GalL feeding, total RNA was extracted from the 16 h [L]{.smallcaps}-GalL-incubated and control samples, and transcript levels were determined by hybridization to an Affymetrix ATH1 GeneChip. 337 transcripts showed greater than 2-fold response to [L]{.smallcaps}-GalL feeding (see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online). Among these genes, 14 transcripts were up-regulated by 4-fold or more, and were shown to be the most sensitive to feeding of [L]{.smallcaps}-GalL and the consequently self-synthesized AsA (see [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online). By contrast, 518 transcripts were decreased by 2-fold or more. Amongst these, 36 transcripts were reduced by 10-fold or more (see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online)**.** The results identified a substantial number of candidate genes whose expression is influenced by supplying *vtc2-1* mutant leaves with the AsA precursor [L]{.smallcaps}-GalL. Thus the microarray was used as a screening tool that helped in the identification of the above 14 genes, which possibly included the hypothetical AsA-responsive genes. These 14 candidate genes were analysed further.

Evaluation of candidate [L]{.smallcaps}-GalL-responsive genes in *vtc2-1* by real-time PCR
------------------------------------------------------------------------------------------

The effect of [L]{.smallcaps}-GalL feeding on transcript levels of 14 candidate genes identified by DNA microarray analysis (see [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online) was investigated further using real-time PCR. Changes in transcript level were followed over 24 h after feeding 5 mM [L]{.smallcaps}-GalL to *vtc2-1* leaves ([Fig. 1A](#fig1){ref-type="fig"}). Four transcripts, At1g66180, At1g22500, At4g13420, and At1g73120, increased significantly at the end of [L]{.smallcaps}-GalL feeding ([Fig. 1B](#fig1){ref-type="fig"}). The fold changes of the expression of these four genes were all higher than that of the AsA content. Other candidate genes did not show clear trends in expression with increasing AsA level. It is interesting that the transcript level of At4g13420 increased by almost 1200-fold of control after 24 h incubation in [L]{.smallcaps}-GalL.

![Quantitative real-time PCR measurement of the transcript levels of 14 genes previously identified as increased over 4-fold in *vtc2-1* leaves fed with [L]{.smallcaps}-GalL by microarray analysis. Increase in total AsA content of [L]{.smallcaps}-GalL fed *vtc2-1* leaves over a 24 h time-course following feeding with 5 mM [L]{.smallcaps}-GalL (A). Transcript levels of 14 genes over a 24 h time-course following feeding with 5 mM [L]{.smallcaps}-GalL (B). The gene transcript levels were normalized against *actin-2*. Data are the mean values ±SD of three independent experiments. Values that are significantly different from the control according to Student\'s *t* test are indicated; ^a^, *P* \<0.05; ^b^, *P* \<0.01; ^c^, *P* \<0.001.](jexboterr068f01_ht){#fig1}

While [L]{.smallcaps}-GalL is a precursor for AsA biosynthesis, it is necessary to demonstrate that the effect on gene expression is actually AsA-dependent and not caused by its action as a possible carbon source. Therefore the effect of [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, and AsA feeding was compared in the dark. [D]{.smallcaps}-galactonolactone ([D]{.smallcaps}-GalL), an optical isomer of [L]{.smallcaps}-GalL, was also selected. [L]{.smallcaps}-GalL and AsA both increased the total AsA concentration in the leaves while [D]{.smallcaps}-Glu and [D]{.smallcaps}-GalL had no effect ([Fig. 2A](#fig2){ref-type="fig"}). It should be noted that the AsA concentrations reached in the dark are substantially lower than those in the light ([Fig. 1A](#fig1){ref-type="fig"}). The transcript levels of four of the [L]{.smallcaps}-GalL-responsive genes were investigated by real-time PCR. Three of these (At1g66180, At1g22500, and At4g13420) responded to both [L]{.smallcaps}-GalL and AsA, and no significant increase was caused by feeding with [D]{.smallcaps}-Glu and [D]{.smallcaps}-GalL, while At1g73120 responded to [L]{.smallcaps}-GalL and its optical isomer only ([Fig. 2B](#fig2){ref-type="fig"}). None of the genes responded to [D]{.smallcaps}-Glu. The expression level of At4g13420 increased by more than 200-fold by feeding with [L]{.smallcaps}-GalL in the dark ([Fig. 2B](#fig2){ref-type="fig"}). In addition, both wild type and *vtc2.1* were fed with 5 mM DHA for 3 h and 6 h. As a result, both DHA and total AsA contents, and the expression level of At1g66180 and At1g22500 in both plants were not affected by DHA feeding within at least 6 h (see [Supplementary Figs S2](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) and [S3](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online), indicating that these genes were highly responsive to AsA and [L]{.smallcaps}-GalL, not DHA.

![Effect of [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, [D]{.smallcaps}-GalL, and AsA feeding in the dark on AsA concentration and transcript levels of four [L]{.smallcaps}-GalL-responsive genes in *vtc2-1*. Total AsA concentration in leaves after feeding 5 mM [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, [D]{.smallcaps}-GalL, and AsA to detached leaves in the dark for 16 h (A). The left hand bar ('untreated') indicates the AsA concentration in intact plants. Level was detected of each sample including the leaves of *vtc2-1* without incubation. Relative transcript levels of four genes following feeding 5 mM [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, [D]{.smallcaps}-GalL, and AsA to detached leaves in the dark (B). The left hand bar ('untreated') indicates the expression level in intact plants. Total RNA was extracted from each above samples and reverse transcribed to cDNA that is used as templates for real-time PCR analysis with specific primers of the four up-regulated genes selected out from the previous real-time PCR results. The transcript levels were normalized against gene *actin-2*. Data are the mean values ±SD of three independent experiments (*n*=3). Values that are significantly different from control according to Student\'s *t* test are indicated; ^a^, *P* \<0.05; ^b^, *P* \<0.01; ^c^, *P* \<0.001.](jexboterr068f02_ht){#fig2}

AsA and light responsiveness of At1g66180, At1g22500, and At4g13420 in wild-type *Arabidopsis*
----------------------------------------------------------------------------------------------

The previous analysis identified three AsA-responsive candidate genes (At1g66180, At1g22500, and At4g13420) in the *vtc2-1* mutant background, so further experiments were carried out to determine if they are also AsA-responsive in wild-type plants. Since light is a key factor in generating the AsA pool size ([@bib28]; [@bib14]; [@bib43]), the response in light and dark was compared. *Arabidopsis* wild-type leaves were exposed to light (80 μmol photons m^−2^ s^−1^) for 48 h, and then moved to the dark for another 48 h, and finally transferred to light for 48 h at the same light intensity. At the end of each treatment, the leaves were collected. The leaves of the wild-type plants illuminated continuously for 48 h contained more than 5-fold the total AsA of 48 h dark-treated plants ([Fig. 3A](#fig3){ref-type="fig"}). Results of real-time PCR showed that the transcript levels of At1g66180 (aspartyl protease family protein, ASP) and At1g22500 (C3HC4-type RING finger protein, AtATL15) were higher after periods in the light, while the K^+^ transporter gene At4g13420 (HAK5 potassium transporter) steadily increased over the experimental period ([Fig. 3B](#fig3){ref-type="fig"}). Therefore, the AsA responsiveness of At1g66180 and At1g22500 in wild-type plants was investigated further.

![Effect of light and dark on AsA concentration and transcript levels of three [L]{.smallcaps}-GalL-responsive genes in wild-type *Arabidopsis*. Plants previously grown under a 14 h light period at 80 μmol photons m^−2^ s^−1^ were transferred to a cycle of 48 h light, 48 h dark, and 48 h light at the same light intensity. Total AsA level concentration in leaves (A). Relative transcript levels of three [L]{.smallcaps}-GalL-responsive genes (B). The transcript levels were normalized against *actin-2*. Data are the mean values ±SD of three independent experiments. Values that are significantly different from control according to Student\'s *t* test are indicated; ^a^, *P* \<0.05; ^b^, *P* \<0.01; ^c^, *P* \<0.001.](jexboterr068f03_ht){#fig3}

*Arabidopsis* wild-type leaves were incubated with 5 mM [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, AsA, [D]{.smallcaps}-GalL, and H~2~O under dark and light (80 μmol photons m^−2^ s^−1^) conditions for 16 h. AsA concentration increased after 16 h dark incubation with [L]{.smallcaps}-GalL and AsA: the contents were 3.6 and 4.5 μmol g^−1^ FW, respectively, they were a little higher than the control, and no increase was observed after [D]{.smallcaps}-Glu and [D]{.smallcaps}-GalL feeding. Samples supplied with [L]{.smallcaps}-GalL and AsA in the light showed an increase in AsA concentration of over 2-fold compared with the control and [D]{.smallcaps}-Glu ([Fig. 4A](#fig4){ref-type="fig"}). There was no significant difference in the redox status of AsA after the feeding. The relative transcript levels of both genes were higher in the light and both were substantially induced by [L]{.smallcaps}-GalL and AsA feeding but not [D]{.smallcaps}-Glc and [D]{.smallcaps}-GalL ([Fig. 4B](#fig4){ref-type="fig"}). The results suggested that both At1g66180 and At1g22500 transcript levels were responsive to the AsA status of the leaf and to light in both the wild type and the AsA-deficient *vtc2-1* mutant.

![Effect of [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, [D]{.smallcaps}-GalL, and AsA feeding on AsA concentration and transcript levels of two [L]{.smallcaps}-GalL-responsive genes in *Arabidopsis* wild type. Excised leaves from wild-type plants were fed with 5 mM [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, [D]{.smallcaps}-GalL, and AsA in the light (80 μmol photons m^−2^ s^−1^) or in the dark for 16 h. Total AsA concentration in leaves (A). The left hand bar ('untreated') indicates the AsA concentration in intact plants. Relative transcript levels of genes At1g66180 and At1g22500 (B). The left hand bar ('untreated') indicates the expression level in intact plants. The transcript levels were normalized against *actin-2*. Data are the mean values ±SD of three independent experiments. Values that are significantly different from control according to Student\'s *t* test are indicated; ^a^, *P* \<0.05; ^b^, *P* \<0.01; ^c^, *P* \<0.001.](jexboterr068f04_ht){#fig4}

AsA-responsive expression of C4HC4-type RING finger (At1g22500) promoter::luciferase constructs in transgenic *Arabidopsis*
---------------------------------------------------------------------------------------------------------------------------

Next, promoter/reporter analysis was carried out to evaluate the AsA-responsiveness of the aspartyl protease (ASP, At1g66180) and C3HC4-type RING finger (AtATL15, At1g22500) genes further. The promoter region of each gene (∼2 kb upstream) was fused with luciferase and transformed into wild-type *Arabidopsis*. Homozygous lines carrying ASP promoter::LUC and AtATL15 promoter::LUC were produced. The AtATL15 promoter::LUC lines showed luminescence but ASP promoter::LUC transformants were not luminescent.

One-week-old transgenic seedlings of AtATL15 promoter::LUC, grown on MS medium, were supplemented with 5 mM of [D]{.smallcaps}-Glu, [L]{.smallcaps}-GalL, and AsA under light for 16 h, respectively. The luciferase activities of both homozygous lines 4 and 13 fed with [L]{.smallcaps}-GalL and AsA were significantly higher than the control and [D]{.smallcaps}-Glc-fed seedlings ([Fig. 5A](#fig5){ref-type="fig"}). Compared with the seedlings fed with H~2~O, the luciferase activity of line 4 was increased by 54% and 132% by feeding with [L]{.smallcaps}-GalL and AsA, and only by 17% with [D]{.smallcaps}-Glu. Line 13 was increased by 70% and 50% after incubation with [L]{.smallcaps}-GalL and AsA, and decreased by 11% with [D]{.smallcaps}-Glu. The AtATL15 promoter::LUC construct was also light-responsive. Seedlings kept in the light for 24 h had higher luciferase activity than those kept in the dark for 24 h ([Fig. 5B](#fig5){ref-type="fig"}). These results were consistent with the previous real-time PCR results.

![Analysis of AtATL15 promoter activity with LUC reporter. The promoter of gene AtATL15 was characterized with reporter gene LUC within two homozygous T~3~ transgenic lines. One-week-old T~3~ transgenic homozygous lines were incubated with H~2~O, 5 mM [D]{.smallcaps}-Glu, 5 mM [L]{.smallcaps}-GalL, and 5 mM AsA under light for 16 h. AtATL15 gene promoter activity was observed through the detection of LUC bioluminescence with a CCD camera (A). Two-week-old T~3~ transgenic homozygous lines were treated over a time-course, the first 24 h light (L1), 24 h dark (D), and then 24 h light (L2) (B). Light intensity was 80 μmol photons m^−2^ s^−1^. LUC bioluminescence was observed at the end of each course. The relative luminescence intensity compared with the control was calculated for each case. Merge, mixed picture; 1, wild type; 2, line 4; 3, line 13. Data are the mean values ±SD of three independent experiments. Values that are significantly different from control according to Student\'s *t* test are indicated; ^a^, *P* \<0.05; ^b^, *P* \<0.01; ^c^, *P* \<0.001.](jexboterr068f05_3c){#fig5}

Discussion
==========

The aim of this work was to identify genes whose expression is responsive to leaf AsA status. An initial screen using microarray analysis of the AsA deficient *vtc2-1* mutant supplied with the AsA precursor [L]{.smallcaps}-GalL provided a number of candidate genes. A subset of these genes were investigated further and two (ASP and AtATL15) were confirmed to be highly responsive to leaf AsA concentration and light.

Identification of [L]{.smallcaps}-GalL and AsA-responsive genes
---------------------------------------------------------------

In the initial screen for potentially AsA-responsive genes the AsA-deficient mutant *vtc2-1* was supplemented with the AsA precursor [L]{.smallcaps}-GalL. This mutant is blocked in AsA synthesis at the step involving GDP-L-galactose phosphorylase ([@bib14]). This is upstream of [L]{.smallcaps}-GalL dehydrogenase, the mitochondrial enzyme that oxidizes [L]{.smallcaps}-GalL to AsA ([@bib32]; [@bib36]; [@bib5]). Supplying [L]{.smallcaps}-GalL to *vtc2-1* was therefore effective in increasing foliar AsA. The extent of AsA accumulation from [L]{.smallcaps}-GalL was increased by light, as has been noted previously ([@bib6]). It is interesting that feeding AsA itself also resulted in greater AsA accumulation in the light than in the dark, suggesting that AsA uptake or turnover are light responsive. Screening for [L]{.smallcaps}-Gal[L]{.smallcaps}-responsive genes in *vtc2-1* using the Affymetrix ATH1 GeneChip identified 337 genes whose transcripts increased more than 2-fold and 518 transcripts that decreased by more than 2-fold. Since the transcriptome analysis was unreplicated, a detailed analysis of the classes of genes affected by [L]{.smallcaps}-GalL feeding and a comparison with previously published analysis of the *vtc1* transcriptome ([@bib33]) would be speculative. However, a high proportion of genes identified by this screen proved to be [L]{.smallcaps}-GalL-responsive after real-time PCR. Gene Ontology (GO) analysis does not reveal over-representation of any specific functional categories or pathways (see [Supplementary Fig S4](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online). Further analysis of the expression of four [L]{.smallcaps}-GalL up-regulated genes by real-time PCR in *vtc2-1* confirmed that three of them (ASP; AtATL15, and At4g13420/HAK5, a potassium transporter) were also up-regulated by AsA feeding but not [D]{.smallcaps}-Glc and [D]{.smallcaps}-GalL, while At1g73120, encoding a protein of unknown function was responsive to [L]{.smallcaps}-GalL and [D]{.smallcaps}-GalL but not to AsA ([Fig. 2B](#fig2){ref-type="fig"}), indicating that the optical isomer can also regulate the gene expression. Because the three genes respond to both [L]{.smallcaps}-GalL and AsA and [L]{.smallcaps}-GalL increases the AsA pool size ([Fig. 2B](#fig2){ref-type="fig"}), it seems likely that the [L]{.smallcaps}-GalL response is mediated by AsA. Furthermore, the transcripts of these genes increased by 8 h after [L]{.smallcaps}-GalL feeding suggesting a relatively rapid response to AsA status. It is worth noting that the expression level of At4g13420 (K^+^ transporter) was strongly up-regulated by exogenous [L]{.smallcaps}-GalL and AsA ([Fig. 2](#fig2){ref-type="fig"}). From the eFP database (<http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi>), the expression level of gene At4g13420 was highest in mature pollen, but moderate in leaves at all growth stages. Interestingly, the results from our time-course experiment showed that the expression of this gene was light-independent and did not seem to respond to the endogenous AsA level ([Fig. 3B](#fig3){ref-type="fig"}). The mechanism and physiological function is still largely unknown, but it might be highly responsive to broad cellular redox status.

Further investigation of At1g66180 and At1g22500 confirmed that their transcript levels increased in WT plants in response to both [L]{.smallcaps}-GalL and AsA supplementation. Furthermore, these genes were also light-responsive, showing greater expression in the light than the dark. It is not clear if their expression is affected by the endogenous AsA pool, which was higher in the light under the experimental conditions used, or if they respond to light and AsA independently. To provide a tool to follow the expression of the two genes, promoter::luciferase fusions were made. Luminescence could be detected for the AtATL15 but not the ASP construct. The 2 kb region upstream of the AtATL15 gene directed luciferase expression in an AsA-, [L]{.smallcaps}-GalL-, and light-dependent manner and will provide a tool to identify the *cis* elements responsible for AsA and light-dependent expression. The approach used in this study to identify genes whose expression responds fairly rapidly to the altered AsA status has yielded several genes, but it is likely that further investigation of the candidate genes identified by microarray analysis will yield more.

Expression and functional analysis of At1g66180/aspartyl protease and At1g22500/C3HC4-type RING finger protein
--------------------------------------------------------------------------------------------------------------

What are the possible functions of AsA and [L]{.smallcaps}-GalL-induced genes? At1g22500 is an C3HC4-type RING finger protein (AtATL15), which has been demonstrated to have E3 ubiquitin ligase activity and is therefore very likely to be involved in proteasome-mediated protein degradation ([@bib38]). Furthermore, it is reported that mitotic activity in the nucellar projection, tissues that are responsible for nutrient transfer, endosperm/embryo nutrition, and grain development in barley grain, is indicated by the high amount of mRNA of different histones and the preferred expression of C3HC4-type RING finger ubiquitin ligases ([@bib39]). C3HC4-type RING finger proteins were found to play a key role in cell cycle regulation of *Arabidopsis* ([@bib15]; [@bib25]). Because the cellular AsA content can modulate the plant cell cycle ([@bib34]), regulate elongation growth ([@bib17]; [@bib40]), and control cell division ([@bib19]), it is hypothesized that AsA may perform the above functions through this C3HC4-type RING finger gene (At1g22500). At1g66180 is a predicted A1 family aspartyl protease (ASP) which has 59 other members in *Arabidopsis* ([@bib7]). It has a weakly predicted transmembrane domain at the N-terminus and is strongly predicted to be located in the secretory pathway and weakly-predicted to be chloroplast-targeted (<http://aramemnon.botanik.uni-koeln.de>). Protease activity of At1g66180 has not been verified experimentally. A comparison of the response of both genes to stimuli using Genevestigator ([@bib44]) showed that they are both down-regulated by cold, glucose, low nitrogen, drought, syringolin A, and induced programmed cell death (PCD) (see [Supplementary Fig. S5](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online). At1g66180 is induced after exposure of the *flu* mutant of *Arabidopsis*, to high light, suggesting that it responds to singlet oxygen (op den Camp *et al.*, 2003). Its transcript levels are also increased 25-fold in the *srk2d/e/i* triple mutants which have enhanced insensitivity to abscisic acid and reduced drought tolerance ([@bib29]). Extending the comparison to the eight genes induced by [L]{.smallcaps}-GalL, all are down-regulated by low nitrogen, glucose, syringolin A and seven out of eight are down-regulated by heat shock-induced PCD. Looking further at the top 50 [L]{.smallcaps}-GalL-induced genes from the Affymetrix array, 68% are down-regulated by low N, 62% by syringolin, and 52% by induced PCD. There are no stimuli that consistently up-regulate any of the gene sets (see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) at *JXB* online). This analysis suggests that conditions that tend to limit growth down-regulate the genes that are up-regulated by [L]{.smallcaps}-GalL/AsA. The preponderance of genes that are down-regulated by syringolin A is interesting because this non-ribosomal peptide, synthesized by *Pseudomonas syringae*, is a proteasome inhibitor ([@bib18]). Further investigation is needed to determine the functions of these AsA-responsive genes. However, it is interesting to note that AsA has possible roles in plant growth because *vtc* mutants are small ([@bib12]), have altered flowering time ([@bib3]; [@bib24]), and are more resistant to pathogens ([@bib4]; [@bib10]). Seedling growth is arrested in *vtc2*/*vtc5* double mutants that are unable to synthesise AsA ([@bib14]). Since many hormone signalling pathways involve proteasome-mediated protein degradation ([@bib35]), the induction of an E3 ubiquitin ligase and an aspartyl protease may reflect activation of certain growth processes by AsA supplementation.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1) can be found at *JXB* online.

[**Supplementary Table S1**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** List of transcripts either induced or repressed in leaves of the *Arabidopsis vtc2-1* mutant by feeding with AsA precursor [L]{.smallcaps}-GalL.

[**Supplementary Table S2**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** [L]{.smallcaps}-GalL responsive genes in the *vtc2-1* mutant identified with Affymetrix ATH1 GeneChips.

[**Supplementary Fig. S1**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** Effect of [L]{.smallcaps}-GalL supplementation on total AsA concentration in the AsA-deficient *Arabidopsis* mutant *vtc2-1*.

[**Supplementary Fig. S2**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** Effect of DHA feeding on AsA concentration and transcript levels of four L-GalL-responsive genes in the *vtc2-1* mutant.

[**Supplementary Fig. S3**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** Effect of DHA feeding on AsA concentration and transcript levels of four [L]{.smallcaps}-GalL-responsive genes in the *Arabidopsis thaliana* wild type.

[**Supplementary Fig. S4**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** GO analysis of 337 genes whose transcript levels were increased 2-fold or more by [L]{.smallcaps}-GalL.

[**Supplementary Fig. S5**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** Expression pattern over a range of experimental treatments of [L]{.smallcaps}-GalL-responsive genes.

[**Supplementary Fig. S6**](http://jxb.oxfordjournals.org/cgi/content/full/err068/DC1)**.** Transcripts levels of reference genes in each group of samples.
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